We demonstrate intrinsic, linearly polarized lasing from single GaN nanowires using cross-sectional shape control. A two-step top-down fabrication approach was employed to create straight nanowires with controllable rectangular cross-sections. A clear lasing threshold of 444kW/cm 2 and a narrow spectral linewidth of 0.16 nm were observed under optical pumping at room temperature, indicating the onset of lasing. The polarization was along the short dimension (y-direction) of the nanowire due to the higher transverse confinement factors for y-polarized transverse modes resulting from the rectangular nanowire cross-section.
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Accepted Manuscript Nanoscale www.rsc.org/nanoscale Introduction Semiconductor nanowire lasers have drawn significant attention as potential compact and low power coherent light sources for extensive applications, including on-chip integrated photonic circuits 1 , high speed communication 2 , and sensing 3 . In order to improve the performance and broaden the applications, control over the fundamental lasing properties of semiconductor nanowire lasers has been reported by multiple groups. For example, single mode lasing has been demonstrated using dimension control 4 , coupled nanowire laser pairs 5, 6 , folded nanowire lasers 7 , distributed feedback lasers 8 and integration with a lossy gold substrate 9 . Wavelength selection has been reported using InGaN/GaN nanowire photonic crystal arrays 10, 11 , compositionally graded nanowire ensembles 12, 13 , bandgap graded nanowires 14 , self-absorption of nanowires 15 , Surface plasmon polariton enhanced Burstein-Moss effect 16 , and dynamic wavelength tuning was reported via applied hydrostatic pressure on single GaN nanowire lasers 17 . Annular shaped emission was also reported by using a hollow GaN nanotube laser geometry, showing the possibility of beam shaping via cross-sectional shape control 18 .
In addition to control of the above optical properties, polarization control is also critical for applications, such as optical communication 19, 20 , non-linear optics 21 , and compact laser-based displays. However, due to their nanoscale size, polarization control in nanowire lasers has been challenging. Recently, linearly polarized, single mode emission from single GaN nanowire lasers was demonstrated by placing GaN nanowire lasers onto a gold substrate 22 , which induces mode-dependent losses. Nevertheless, the gold substrate results in undesired higher propagation losses and therefore higher lasing thresholds. More importantly, requiring the nanowire laser to be placed onto a gold or other lossy substrate limits the flexibility with which the nanowire can be placed and integrated into any given application or device.
Linearly polarized spontaneous emission along the elongated nanowire axis has been recently demonstrated from embedded InAs 23 and InGaAs 24 quantum dots in GaAs nanowires with elliptical cross-sections. Here, we extend this concept to control the polarization of nanowire lasers (i.e. stimulated emission instead of spontaneous emission) for the first time. Using a top-down approach, we demonstrate GaN nanowires with unique, rectangular cross-sections which exhibit intrinsic, linearly polarized lasing under optical pumping without the need for a lossy substrate or other environmental requirements 22 .
Fabrication of rectangular cross-sectioned GaN nanowire lasers
The GaN rectangular nanowire lasers were fabricated by a top-down two-step dry plus wet etch process that was previously developed to fabricate straight and smooth quasi-cylindrical GaN nanowires 4, 17, 25 (Figure 1 
Optical characterization and numerical simulation of the rectangular GaN nanowire lasers
The optical properties of the rectangular cross-sectioned GaN nanowire lasers were characterized by a custom 2-arm micro-photoluminescence (µ-PL) experimental setup described in previous papers 22, 26 . In the pumping arm, a 50X infinity-corrected objective was employed to focus the pump laser beam, a pulsed 266nm frequency quadrupled Nd:YAG laser with a pulse width of 400 ps, to a 3.5 µm diameter spot on the as-fabricated GaN nanowire sample. The center-to-center distance of the as-fabricated GaN nanowires was designed to be 5 µm, allowing for pumping individual devices. For the lasing threshold measurement, a series of neutral density filters was used to vary the pump power density. The emission from a rectangular cross-sectioned GaN nanowire laser was collected by the same objective and focused to an optical fiber, which then transmitted the emission to a multimode optical detection fiber-coupled, 2400 groove/mm holographic grating spectrometer. In order to measure the polarization of the emission, the nanowires were transferred to hang off the edge of a sapphire or silicon substrate using a cotton swab (Figure 3 The µ-PL spectra of an as-fabricated GaN nanowire laser (Sample A) are plotted in Figure 2(a) for several pump power levels. At lower powers, because the spontaneous emission with random photon state is stronger than the stimulated emission, a ~7.4 nm wide broad-band spectrum centered at 364.7 nm was observed. When the nanowire was optically pumped at ~682 kW/cm 2 , stimulated emission becomes dominant. The GaN nanowire optical cavity then provided the wavelength selection mechanism. Therefore, a narrow-band lasing peak centered at 363 nm with full width half maximum (FWHM) of 0.16 nm was observed.
Another broader peak centered at 365 nm with a FWHM of 0.39 nm was also observed possibly corresponding to amplified spontaneous emission. 27 The peak intensity of the spectra is plotted as a function of pump power density (Figure 2(b) ). When the nanowire laser was pumped above the lasing threshold, the non-radiative recombination rate is clamped due to the saturated carrier density. The clear slope change in the light-light (L-L) curve from low pump power density to high pump power density indicates a transition to lasing behavior. The lasing threshold was estimated as ~440 kW/cm 2 (~176 µJ/cm 2 ) by fitting the peak intensities after the slope change with a linear function of the pump power density. In order to study the mechanism of linear polarization, an eigenmode solver (MODE solutions from Lumerical Inc. 28 ) was utilized to simulate the transverse modes supported by a waveguide with a rectangular cross-section. The waveguide, matching the geometry of Sample A with a cross-sectional x-dimension of 450 nm and y-dimension of 120 nm, was placed at the center of the simulation model. The refractive index of a c-plane GaN epitaxial film grown on sapphire was measured by ellipsometry and used in the simulation. In order to eliminate the influence from the boundary of the simulation, the boundary was set as a perfectly matched layer. A mesh size of 1 nm was used to ensure sufficient accuracy of the simulation. The simulation shows that, unlike traditional cylindrical nanowires, well confined transverse modes supported by the rectangular waveguide are linearly polarized (Figure 4 ).
Because the optical modes have different volumes than the gain medium of a nanowire, only the portion of an optical mode that overlaps the gain medium obtains the optical gain (known as the modal gain). The modal gain 〈݃〉 of the transverse modes of the rectangular nanowire lasers is given by:
Where ߁ ௭ and ݃ are the longitudinal confinement factor and the material gain, respectively.
It is reasonable to assume that ߁ ௭ and ݃ are constant, because the nanowires are uniformly pumped, and the GaN material quality is assumed to be uniform throughout the nanowire.
Therefore, the modal gain is proportional to the transverse confinement factor.
The transverse confinement factor ߁ ௫௬ for a rectangular cross-sectioned nanowire is given by 29 :
Where ‫,ݓ‬ ݀, ݊ are the x-dimension, y-dimension, and refractive index of the rectangular nanowire, respectively, and ݊ ത is the effective refractive index of a transverse mode. The second term represents the ratio of the electromagnetic field amplitude inside of the nanowire to the total electromagnetic field amplitude.
Simulation results of the transverse confinement factors for the first 3 x-polarized modes (X1~X3) and the first 3 y-polarized modes (Y1~Y3) are plotted in logit scale in Figure 5 .
Consistent with previous research 24 , the simulation results show that when the y-dimension is below ~55 nm (Region I), the modes with a polarization along the y-direction are not well-confined, resulting in only transverse modes with x-polarization. Due to the difficulty of fabrication, the minimum y-dimensions of our fabricated GaN nanowires are ~120 nm (Region II). In this case, the second terms in equation (1) for x-polarized and y-polarized modes are closer in magnitude. Meanwhile, the rectangular cross-section of the GaN nanowire results in lower ݊ ത for y-polarized modes than for x-polarized modes, leading to a higher confinement factor for y-polarized modes. Thus, according to equation (2), y-polarized modes should have higher modal gain than x-polarized modes in Region II. Although the mode confinement contrast is not as large as in Region I, it is still sufficient to provide the mode selection mechanism, due to the mode competition process in a laser. x-polarized modes (X1~X3) and the first 3 y-polarized modes (Y1~Y3) plotted in logit scale.
In order to verify the simulation results, rectangular nanowires with a reduced cross-sectional anisotropy (Sample B, x = 450 nm, y = 300 nm) were also optically pumped. Due to the more (Figure 6(b) ). Thus, this result is consistent with the predicted elliptical polarization for nanowires with dimensions corresponding to Region III in Figure 5 . The results show an elliptically polarized lasing emission with an extinction ratio of 2.8:1.
Conclusions
In conclusion, by using a top-down two-step dry plus wet etching process, GaN nanowire with rectangular cross-sections and exhibiting inherent, linearly polarized lasing were demonstrated. The rectangular cross-section breaks the mode degeneracy for x-polarized and y-polarized modes, resulting in higher confinement factor and higher modal gain for the y-polarized modes. Consequently, intrinsic, linearly polarized lasing emission oriented along the short y-direction from rectangular cross-sectioned GaN nanowire lasers was consistently observed under optical pumping. More generally, these results demonstrate that cross-sectional control offers the ability to inherently control the polarization from individual nanowire lasers without additional environmental requirements such as placement onto lossy substrates, which will greatly broaden their potential application space. For example, intrinsic, linearly polarized nanowire lasers can be transferred to photonic integrated circuit platforms to simplify the polarization-independent design of functional building blocks, such as directional couplers or ring resonators, which is not trivial and sometimes even impossible 30 . 
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